Introduction
Various current sensors for measuring high AC and DC currents in industrial applications are used popularly. However, bandwidth of frequency response, measuring range, linearity, accuracy, reliability and cost of these current sensors often don't meet emerging requirements coming from highperformance applications in the field of metering, protection and control.
The most well known existing AC/DC current sensors are the resistive shunts and the magnetic current sensors that include Hall-effect current sensors, magnetoresistive current sensors, symmetry detector current sensors and optical current sensors. Magnetic current sensors are transducers based on magnetic field measurement. They have many advantages over shunts since they provide electrical isolation, they are very reliable and they can measure larger AC and DC currents at lower cost.
In order to improve metrological characteristics of existing magnetic current sensors or to design innovative solutions, an appropriate knowledge and modelling of those kinds of transducers is the starting point. As a matter of fact, a functional description and decomposition leads to a systematic examination of each component: improvements, variations, removals and additions are possible, depending on different applications.
After a brief survey of the state-of the-art of magnetic current sensors, the paper proposes a model for their structure and an innovative solution.
The state of the art
Some commercially available and experimental prototypes known in literature of magnetic current transducers for measuring high AC and DC currents are listed in Table 1 and their performances are compared.
Hall-effect current sensors are the most common. In the open-loop technology the Hall magnetic sensor is located in the air gap of a magnetic core which surrounds the current conductor. The magnetic field is thus concentrated in the gap. With high currents, non-linearity and saturation occur in the characteristics of the iron core. Also the air-gap surface must be sometimes larger than the magnetic sensor in order to eliminate border effects, so that dimension, weight and cost of the core are relevant. The closed-loop method increases accuracy. Hysteresis of the core together with the power consumption are drawbacks of the closed-loop technology. Furthermore the measurement range is limited by power losses and consequent heating. Moreover, high accuracies require a high quality (high permeability, low hysteresis) core material and so some extra cost. An accurate mathematical model of the dynamic behaviour of the transducer is given in reference/. The same technologies can be realised with magnetoresistive sensors, even if they require larger airgaps and thus are less immune to interference fields. The measurement range of magnetoresistors limits the range of current measurement.
The closed-loop principle can also be realised by using a zero flux detector that is a symmetry detector made of two cores connected to a squarewave generator. If the flux is zero, the square-wave generator drives the two identical cores to saturation. If the flux is non-zero, the cores are no longer driven symmetrically into saturation. The two corresponding currents will be asymmetrical, which means that they will contain even harmonics.
A magneto-optical current sensor consists of an optical sensing element which measures the integral of the magnetic field along a closed optical loop around the current to be measured (through the Faraday effect), and an optical fibre link which connects the sensing element with an opto-electronic control and processing unit, which is used to launch a light beam into the optical-fibre and detect and decode the modulated optical signal, collected from the fibre. The major difficulty in using optical fibre sensing elements is caused by the presence of various sources of birefringence inside the sensing fibre. This introduces cross-sensitivities to temperature. The sensitivity of this type of sensors is also low 2 .
While optical-fibre current sensors continue to remain under development, a range of optical current sensor devices based upon bulk materials have been investigated and developed in recent years. These sensors are light in weight, small in size, more sensitive, extremely robust and do not suffer the problems associated with the presence of the intrinsic birefringence. They are still expensive and not yet widely used 3 . The technique of current sensing using a sensor array is described in references 4 ,5. The sensitive axes ofindividual sensors follow the flux line of the measured conductor. The output signals of the magnetic sensors are summed so that a quasi-continuous Ampere's circulation is realised. The overall sensitivity is multiplied. Drawbacks are mainly concerned with a non-total immunity to cross-talk currents.
Typical model of magnetic current transducer structure
Existing magnetic current sensors form the first step in a process generating the design of an innovative current transducer. A functional description and decomposition leads to a systematic examination of each component: improvements, variations, removals and additions are thus possible.
A current transducer based on magnetic field measurement is a system and in it we can identify a number of V13) Distributed magnetic sensor It is possible -for example in the case of anisotropic magneto-resisistive sensors -to use a large distributed sensor placed on a substrate that encircles the current carrying conductor 6 , The distributed sensor forms a closed loop around the conductor and measures the current through the Ampere's law.
Another example of distributed sensors is given by optical current sensors, both in optical fibre technology and bulk glass technology.
V14) Sensor array
Several magnetic sensors can be installed around a conductor and the individual sensor signals are summed, resulting in a signal that approximates the line integral of the field around the conductor. This method allows for the measurement of the current flowing in the conductor, even in the presence of background magnetic fields.
This variant is the starting point of the innovative solution proposed by the paper. As a matter of fact, it can be realised by low-cost magnetic sensors. This kind of technology has not been largely investigated. There are no patents employing this principle and only two experimental prototypes are known in literature 4 ,5. 
V21) Bridge configuration
Four magneto resistive sensors are usually connected in a bridge configuration. Small magnetic shields plated over two of the four equal resistors protect them from the applied field and allow them to act as reference resistors. Since they are fabricated from the same material, they have the same temperature coefficient as the active resistors. The two remaining resistors are both exposed to the external field. The bridge output is Function 2: Amplification of the magnetic field and/or of the sensor sensitivity done with ferromagnetic and/or electrically conductive material. For shielding DC magnetic fields only ferromagnetic materials could be utilised, but the magnetic fields of high currents make the screening efficiency very low due to saturation.
AC fields can be shielded by conductive materials and if they are also ferromagnetic the shielding effect will be much increased. 
V12) Magnetic shielding
A shield surrounding both the sensor and the current can reduce measurement errors due to interference fields. However, care has to be taken because a magnetic shield can go into saturation, becoming inefficient and introducing non-linearities. The saturation might be induced by both cross-talk fields and the field of the current under measurement. Magnetic shielding can be either enough (fAr> 10 3 ), the following approximation is allowed so that the measured magnetic field in the gap is proportional to the current Means are required to distinguish between the magnetic field generated by the current under measurement and the cross-talk magnetic field. Among the possible functional variants we can cite: VU) Iron core with an air gap A magnetic core with an air gap for the magnetic sensor can be used as an integrating path for the magnetic field around the conductor. The core material acts as a path for the flux lines, thus helping to perform a continuous, almost closed, line integral of the magnetic field around the encircled conductor. This arrangement provides improved accuracy and less sensitivity to external fields. The drawback is the cost of the iron core and its saturation that limits the dynamic range of In the functional decomposition of Figure 1 thick lines represent magnetic fields and thin lines are electric signals. The dashed lines indicate that the corresponding functions are auxiliary and are not always present in all magnetic current sensors.
The functions into which the typical current sensor is decomposed are practically realised by different techniques, listed and commented below and indicated as Vij' where i is the number of the function and j is the number of the variant. In the functional decomposition proposed in section II, the concept of a circular magnetic sensor array has Function 8: Current sensor improvement characteristics Signal processing electronics, both digital and analogue, can reduce some effects that limit current sensor characteristics.
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Offset is critical in DC current measurement, because it cannot be distinguished by the magnetic field to be measured. Many offset reduction schemes have been introduced for different types of sensors. Other critical effects are cross-sensitivities, in particular with temperature, and non-linearity. sis of the iron core, the power consumption due to the secondary current, the cost of the secondary winding and the limited dynamic range.
Function 7: Sensor excitation
This technique depends on the particular magnetic sensor type employed. 
V52)
Tailored compensation A Compensation can be performed on the individual sensors as they come off the production line. Each individual sensor is trimmed/calibrated either manually or automatically. Wellknown examples are the linearisation of a sensor by storing appropriate coefficients in a look-up table and the laser trimming of on-chip elements to reduce cross-sensitivities. Obviously, , the individual calibration of sensors largely contributes to the production costs.
V53)
Monitored compensation In monitored correction methods, a mechanism that changes the sensor's characteristics according to the changing of external conditions is integrated in the sensor. A well-known example is the "sensor within a sensor" which copes with cross-sensitivities to unwanted quantities.
V54)
Deductive compensation One is able to make deduction from the behaviour of external variables by reference to a physical model. This form of compensation is unique to digital methods and requires a certain amount of information.
Function 6: Closed-loop compensation Current transducer accuracy and sensitivity can be improved by a closedloop configuration described in Figure 3 .
The magnetic core is kept at null induction by a compensation current lc and a magnetic sensor measures nulI flux point!. A surprising improvement of the frequency response is also achieved. Drawbacks are the hystere-
V51)
Structural compensation It is embodied in the principle of design symmetry. The objective of design symmetry is to make the desired physical variable produce a differential output while alI other variables, including interference, produce a common mode output. It is useful to list some of the main magnetic sensor defects which may have to be accommodated: non-linearity, noise, cross-talk, frequency response, drift, cross-sensitivity etc. One form of classification of compensation methods is in four variants J J and it is applicable to all kinds of sensors, not only to magnetic sensors. The variants do not exclude each other.
V24)
Folded conductor By folding the conductor around the sensor, the amount of magnetic field that the sensor sees is intensified for the same current in the conductor and this increases the signal to external field ratio.
V22) Flux concentrators
Additional permalloy structures can be plated onto the solid-state magnetic sensor substrate to act as flux concentrators.
V23) Magnetic flux concentration by iron core See Vll.
Function 3: Magnetic sensing
There are many ways to sense magnetic fields, most of them based on the intimate connection between magnetic and electric phenomena 7 , 8, 9, Jo. A magnetic sensor is a transducer that converts a magnetic field into a corresponding electrical signal. Many physical principles are used to realise magnetic sensors. They include: induction, galvanomagnetic effects, spin polarised transport, nuclear precession, superconducting quantum interference, magnetostriction and magneto-optical effects. therefore twice the output from a bridge with only one active resistor. been cited (variant V I4 ). It matches the requirements of low cost and a large measuring range. The author has proposed innovative design concepts of magnetic current sensors that basically consist of improving the function of cross-talk field rejection via signal processing techniques/ 2 ,I3, /4,15. Thanks to the continuous progress in magnetic sensor research, the proposed methodologies will provide a constant improvement in the metrological performance of those measuring systems. Fig. 4 is the functional representation of a current sensor based on the innovative design concept. Variations from the traditional architecture ( Figure 1) can be noted.
Conclusions
This paper proposes a general model of magnetic current sensors for measurement of high AC and DC currents. The model is a functional description and decomposition of a typical current transducer based on magnetic field sensing. Each function is described in its various practical realisations.
Starting from the model of existing magnetic current sensors, an innovative approach is described. The innovative solution is promising for application in power multiconductor systems, when low cost and a large measuring range are required.
